PARTICLE SIZE MEASUREMENTS USING James F. The U n i v e r s i i Ann Arbor
Abstract
A new technique f o r making i n situmeasurements o f aerosol p a r t i c l e s i n t h e submicron s i z e range has been investigated. Making use of the broadening of a monochromatic l a s e r l i n e due t o random p a r t i c l e motion, t h e technique has been shown t o be s u i t a b l e f o r measurements of p a r t i c l e s i z e i n high temperat u r e environments. P a r t i c l e diameters were measured i n an acetyleneloxygen flame and attempts are being made t o apply the technique f o r use i n aluminum-oxygen flame. P a r t i c l e s i z e was determined as a function of mixture r a t i o and h e i g h t above a flat-flame burner which was operated as a premixed acetylene/ oxygen/nitrogen flame. from 40 t o 250 nm as height above the burner v a r i e d from 0.5 t o 3.0 cm. L i t t l e v a r i a t i o n was found as a r e s u l t of mixture r a t i o changes. found t o have l a r g e gradients i n p a r t i c l e s i z e on a scale comparable w i t h the measurement volume (1 mm31 Sizes measured from e l e c t r o n microscope photographs of soot o a r t i c l e s c o l l e c t e d from the flame showed Sizes were found t o vary
The flame was reasonaole agreement h i m tnose talc-lated f r o m s c a t t e r i ng rreasurements.
The r e s u l t s of t h i s study have demonstrated the u t i l i t y of the technique f o r determination o f mean submicron p a r t i c l e sizes and have pointed t h e way toward methods f o r improvements t o y i e l d p a r t i c l e s i z e d i s t r i b u t i o n s , as w e l l .

u I n t r o d u c t i o n
The formation of p a r t i c u l a t e s i n s o l i d rocket motors i s important from two standpoints: i n t h e combustion zone p a r t i c u l a t e s can a l t e r p r o p e l l a n t burning rates and r a d i a t i v e heat t r a n s f e r whichhave a d i r e c t effect on combustor design; i n the exhaust plume p a r t i c u l a t e s are a primary cause o f nozzle r a d i a t i v e heating, two-phase flow energy losses,and plume v i s i b i l i t y . I n order t o develop improved smokeless propellants, fundamental research has been i n i t i a t e d t o determine t h e physical mechanisms t h a t occur i n condensation processes. rence of alumina (Al203) condensation i n rocket motors. i n D a r t i c u l a r . cannot v e t be adeauatelv
The occurpredicted. ' T o experimentally &udy t h e A1203 i o ndensation processes, there i s a d i r e c t need t o develop and apply diagnostic techniques f o r measurement of p a r t i c u l a t e s i n the e a r l y stages o f formation, i . e . sub-micron sizes.
H i s t o r i c a l l y , sampling probes have been used t o c o l l e c t p a r t i c l e s o f i n t e r e s t which are viewed using e l e c t r o n microscopes. ous because t h e c o l l e c t i o n process promotes part i c l e agglomeration due t o t h e e l e c t r o s t a t i c charges on t h e p a r t i c l e s . I n order t o study the nucleation and agglomeration processes, i n s i t u s i z i n g tecnniq-es are req-ired. program, a new o p t i c a l diagnostic techniqJe, I n t n i s research Diffusion Broadening Spectrocopy, i s used t o perform i n s i t u size measurements o f submicron p a r t i c u l a t e s .
Research Objectives
The aoal o f t h i s research Droaram has been t o make i n s i t u measurements o f mean p a r t i c l e diameters i n t h e 1.0-100 nm s i z e range i n flowing, high temperature gases. The diagnostic technique selected f o r t h i s Droaram was D i f f u s i o n Broadenins SDectroscopy. l a t e p r o p e r t i e s and provides l o c a l s b m i l l i m e t e r The DES technique i s independent of p a r t i c us p a t i a l r e s o l u t i o n . Hinds and R e i s t Y have demons t r a t e d the f e a s i b i l i t y o f using DBS f o r submicron spherical p a r t i c l e size measurements. Penner, Bernard and Jerskey2 f i r s t a p p l i e d t h e DBS technique t o f l o w i n g gases f o r the case o f an ethylene-oxygen flame. temperature (500 O K -2500 OK) gas flow. conditions a r e d i f f i c u l t t o achieve and have been
The aGove most c l o s e l y r e a l ' z e d by using s p e c i a l l y designed burner provided carbon p a r t i c l e s i n the desired s i z e range. An aluminum-oxygen flame was l a t e r used t o provide alumina p a r t i c l e s .
gated by performing the following: ( a ) S c a t t e r i n g angle was t o be v a r i e d and r e s u l t s compared t o DES theory. (b) Measurement l o c a t i o n i n t h e flame was t o be v a r i e d t o see i f p a r t i c l e s i z e increased w i t h h e i g h t above t h e burner. photographs o f sampled p a r t i c u l a t e s were t o be used t o determine i f DES r e s u l t s were reasonable, and The use o f t h e DES technique f o r p a r t i c l e s i z e measurements i s now described. f i r s t demonstrated the f e a s i b i l i t y o f DBS f o r use i n s t a t i o n a r y aerosols. Using concepts f i r s t proposed by Benedek4, Hinds and R e i s t developed a theory f o r monodisperse aerosols and described e f f e c t s of aerosol p o l y d i s p e r s i t y . experimental r e s u l t s , theory and e l e c t r o n microscope measurements were found f o r c o n t r o l l e d monodisperse aerosols o f l a t e x spheres i n t h e range 500 t o 1,100 nm.
Hinds and R e i s t l Good agreement between 08s
Penner. Bernard and Jerskev2 l a t e r included t n e o r e t i c a l ' e f f e c t s of gas f l o w -v e l o c i t y and deinons t r a t e d tne f e a s i o i l i t y o f DES a p p l i c a t i o n t o an ethylene-oxygen flame.
When l a s e r l i g h t i s s c a t t e r e d by submicron aerosol p a r t i c l e s , Brownian motion gives r i s e t o frequency f l u c t u a t i o n s o f t h e s c a t t e r e d l i g h t .
broadening o f t h e s c a t t e r e d l i n e p r o f i l e can be measured, from which t h e p a r t i c l e d i f f u s i o n coeff i c i e n t can be i n f e r r e d . Mean p a r t i c l e diameter i s determined from t h e Stokes-Einstein d i f f u s i o n r e l at i o n , m o d i f i e d f o r l a r g e Knudson number effects. Small p a r t i c l e s undergoing r a p i d Brownian motion cause g r e a t e r broadening than l a r g e p a r t i c l e s , thus t h e measured power spectrum o f l i g h t f l u c t u a t i o n s can be r e l a t e d t o a mean p a r t i c l e diameter.
The
Consider two p a r t i c l e s t h a t a r e t r a v e l l i n g through a focused s u b m i l l i m e t e r l a s e r beam w i t h equal average d i r e c t e d v e l o c i t i e s U, b u t w i t h oppos i t e instantaneous components of random v e l o c i t y . I n general, r a d i a t i o n s c a t t e r e d from moving p a rt i c l e s w i l l be Doppler s h i f t e d by an amount Af given by:
where u n i t vectors Fs and Fi are i n t h e s c a t t e r e d
and i n c i d e n t r a d i a t i o n d i r e c t i o n s , r e s p e c t i v e l y , v e c t o r V i s t h e p a r t i c l e v e l o c i t y , c i s t h e veloci t y o f l i g h t , and f i s t h e l a s e r frequency (on t h e o r d e r o f 1014 Hz)
. The homodyne power spectrum r e s u l t i n g from many s c a t t e r i n g centers simultaneously passing through t h e focal volume has been shown t o have a L o r e n t z i a n p r o f i l e l .
(HW) o f t h e power spectrum f o r t h e case of a s t at i o n a r y , monodisperse aerosol whose s i z e i s much g r e a t e r than t h e molecular mean free path i s given 16nD si n2 by: where e i s t h e s c a t t e r i n g angle, h t h e wavelength and D t h e p a r t i c l e d i f f u s i o n c o e f f i c i e n t , describi n g t h e mean squared l e n g t h t r a v e l l e d by a p a r t i c l e per u n i t time, based on p a r t i c l e diameter approaching zero, t h e Stokes-Einstein d i f f u s i o n c o e f f i c i e n t i s g i v e n by
The h a l f w i d t h (e/21
(2) HW = -
A2
For t h e case o f Reynolds number D = kT ( 1 t 1.648 ?4d)/3nud (3) which i s v a l i d f o r e i t h e r t h e molecular mean f r e e path e l e s s than p a r t i c l e s i z e d or, as i s more t y p i c a l l y t h e case, g r e a t e r than d. Thus, t h e homodyne power spectrum h a l f w i d t h i s given by:
The measurement o f t h e homodyne s p e c t r a l h a l f w i d t h , combined w i t h knowledge of l o c a l gas temperature T and v i s c o s i t y U, y i e l d s a unique value o f p a r t i c l e s i z e i n a s t a t i o n a r y , monodisperse aerosol.
t h e focal volume dimension can a l s o broaden t h e homodyne spectrum. a time v a r y i n g Doppler s h i f t of t h e o p t i c a l spectrum, b u t has no e f f e c t on t h e measured homodyne spectrum. The homodyne spectrum i s affected o n l y by v e l o c i t y v a r i a t i o n s simultaneously detected w i t h i n t h e f o c a l volume. The p a r t i c l e s i z i n g technique i s thus i n s e n s i t i v e t o turbulence and mean flow g r a d i e n t s p r o v i d i n g t h a t t h e focal volume i s s i g n i f i c a n t l y s m a l l e r than t h e scale of l o c a l vel o c i t y v a r i a t i o n s . I n a d d i t i o n t o t h e homodyne spectrum, a h e t e rodyne spectrum centered i n t h e Megahertz range can be produced by o p t i c a l m i x i n g of two coherent l a s e r Turbulence t h a t occurs on a s c a l e l e s s than Larger s c a l e turbulence causes beams a t t h e f o c a l p o i n t . The heterodvne soectrum a r i s e s from t h e doppler s h i f t due t o t h e mean f l o w v e l o c i t y and i s employed i n l a s e r doppler velocime t r y techniques. Thus t h e average f l o w v e l o c i t y , average Brownian motion v e l o c i t y and mean p a r t i c l e s i z e can be measured by simultaneously r e c o r d i n g t h e homodyne and heterodyne spectra.
Apparatus and Data Reduction
A photograph of t h e actylene-oxygen flame i s shown i n F i g . 1. A f l a t flame burner provided a r e l a t i v e l y uniform and s t a b l e premixed f l a t flame. The burner surface c o n s i s t e d of bundled copper rods between which t h e premixed acetylene (C2H2). n i t r ogen and oxygen flowed. The 1-118 i n . diameter burner surface was surrounded by an annular f l o w of n i t r o g e n t o s t a b i l i z e t h e flame. r a t u s was water cooled. l a t e d and measured.
was 100 m i l l i w a t t He Ne l a s e r beam which was s p l i t i n t o two beams and focused t o i n t e r s e c t a t t h e f o c a l volume, a l l o w i n g s c a t t e r i n g t o be observed a t 250 and 600 from t h e i n c i d e n t beam. A c o l l e c t i n g l e n s of 15.2 cm focal l e n g t h was used t o focus t h e enlarged (3X) image of t h e focal volume on t h e surface o f an RCA 4832 p h o t o -m u l t i p l i e r tube. i n t e r f e r e n c e f i l t e r centered a t 532.8 nm w i t h a measured h a l f w i d t h of 1.65 nm was used t o block flame emission. Recorded data were analyzed u s i n g a d i g i t a l spectrum analyzer (Spectral Dynamics 360-35), which displayed t h e r e a l time power spectrum, a l l o w i n g time v a r i a t i o n s i n t h e spectrum t o be observed. Data were replayed a t 15 i p s , h i g h pass f i l t e r e d a t 1 KHz ( r e a l time) and sampled a t a 16 KHz sample r a t e . Each comouted Dower soectrum was determined The e n t i r e appaGas f l o w r a t e s were reguThe l i g h t source, shown schematically i n Fig. 2 
An P h o t o m u l t i p l i e r c u r r e n t was passed
The a m p l i f i e d s i g n a l from 2.5 x 105 data p o i n t s . 'Bandwidth o f t h e e n t i r e data a c q u i s i t i o n system was 25 KHz. r e d u c t i o n f o r each run, system accuracy was checked P r i o r t o data u s i n g a c a l i b r a t i o n square wave, whose power spectrum c o n s i s t s o f peaks a t odd m u l t i p l e s o f t h e square wave frequency, w i t h an f -2 r o l l o f f .
Results and Discussion f i r s t i n t h i s study because s o o t formation i n such
Carbon aerosol measurements were attempted flames i s w e l l dochented5. t i v e l y steady and monodisperse submicron aerosol i s a d i f f i c u l t task and cannot be f u l l y achieved w i t h
Production of a r e l aan acetylene flame. However, t h e DES technique could be t e s t e d by: (a) v a r y i n g t h e s c a t t e r i n g angle and comparing r e s u l t s w i t h theory, (b) v a r y i n g measurement l o c a t i o n i n t h e flame and (c) comparing r e s u l t s w i t h e l e c t r o n microscope photographs o f carbon sampled from t h e flame.
I n t h i s flame. flame emission was so i n t e n s e t h a t proper alignment of t h e o p t i c a l system was c r u c i a l t o o b t a i n i n g s u f f i c i e n t s c a t t e r i n q s i q n a lto-noise. t h i s study provided a t y p i c a l signal t o flame emiss i o n r a t i o o f 25 and s i g n a l t o shot noise r a t i o of 40. W i t h i n 0.5 cm o f t h e burner surface, however,
The 28 m i l l i w a t t l a s e r power used i n W U , the scattered signal b a r e l y exceeded flame emission, making measurement o f the smallest p a r t i c l e s d i f f ic u l t .
Proper focussing was found t o be c r i t i c a l f o r optimal s c a t t e r i n g s i g n a l t o flame emission signal. A 0.5 mm pinhole was d r i l l e d i n the back side o f t h e phototube mount, a l l o w i n g a d i r e c t v i s u a l l i n e of s i g h t down t h e o p t i c a l c o l l e c t i o n a x i s when the phototube i s removed.
A second l a s e r beam was used t o provide s c a t t e r i n g a t a d i f f e r e n t angle (60°) than the f i r s t ( 2 5 O ) ; i t was aligned t o i n t e r s e c t the f i r s t beam a t t h e measurement l o c a t i o n . A l i q u i d aerosol was then sprayed through t h e measurement l o c a t i o n and each beam was focused and realigned separately. When the beam was o u t o f focus, a one m i l l i m e t e r diameter column o f s c a t t e red l i a h t aDDeared when viewina throuah t h e Dinhole.
i i
Proper focus caused t h e c o l l e c t i o n lens t o appear completely red, i . e . t h e l a s e r beam f i l l e d t h e e n t i r e c o l l e c t i o n s o l i d angle. Poor s i g n a l t o noise r e s u l t s from deviations from best focus because the l a s e r beam transmission s o l i d angle f i l l s o n l y a f r a c t i o n of t h e t o t a l c o l l e c t i o n s o l i d angle, t h e remainder being f i l l e d w i t h flame emission. scattered l i g h t f o r t h e desired acetylene-oxygen flame conditions. Through t h e pinhole, t h e flame background was b a r e l y v i s i b l e w i t h the l a s e r off. With the l a s e r on, t h e c o l l e c t i n g lens appears f i l l e d w i t h l a s e r scattered l i g h t , and t h e phototube aperature i s closed t o focus on o n l y t h e cent r a l p o r t i o n o f t h e beam. l y desirable. v i s u a l l y t o be steady. was r e l a t i v e l y steady, w i t h t i o n s a t frequencies o f 5-15 Hz. However, the i n t e n s i t y o f scattered l a s e r l i g h t was n o t as steady. Regions containing gradients i n flame emission o s c i l l a t e d i n space over a distance o f 1 mm. This o s c i l l a t i o n was s u f f i c i e n t t o observe 10-100 Hz changes i n scattered l i g h t emission, which a t times dropped t o zero when few p a r t i c ul a t e s passed through t h e f o c a l volume. The i n t e rm i t t e n t nature o f the aerosol occurrence made data F i n a l focus was obtained by viewing t h e Steady flame conditions were found t o be high-
The measured flame emission
The acetylene-oxygen flame appeared 10% i n t e n s i t y v a r i av reduction more d i f f i c u l t and introduced s c a t t e r i n t h e r e s u l t s . Flame o s c i l l a t i o n s were observed t o be due t o room a i r currents, which could n o t be eliminated. A t s t o i c h i o m e t r i c conditions w i t h no p a r t i c l e formation, s t a b l e flame conditions occurred. acetylene-oxygen flame and t o l i m i t o s c i l l a t i o n s o f carbon producing regions t o less than 1 mm, an enclosed flame apparatus i s necessary. plug burner i s a l s o necessary t o e l i m i n a t e g r a d ients t h a t occur w i t h our m u l t i p l e -h o l e burner. However, flame o s c i l l a t i o n s t h a t do occur do n o t i n any way affect t h e measurement technique i t s e l f , since a l l s i g n a l f l u c t u a t i o n s of frequency l e s s than 1 KHz are f i l t e r e d o u t d u r i n g data reduction.
I t was concluded t h a t t o operate a r i c h A porous
A t y p i c a l power spectra of t h e phototube s i gn a l a r e shown i n Fig. 3 . Each power spectrum i s obtained by F o u r i e r Transforming 2.56 x 105 d i a i t a l data Doints. The recorded analoa Dhototube s i q n a l was sampled a t 16 KHz; data was high pass f i l t e r e d a t 1 KHz. Shot noise i s observed t o be n e g l i g i b l e since t h e power spectrum asymptotes t o zero a t v high frequencies. Use o f an analog spectrum anal y z e r d i r e c t l y attached t o the phototube d i d n o t prove feasible since i t d i d n o t afford t h e averagi n g c a p a b i l i t y o f d i g i t a l processing. Assuming a Lorentz l i n e shape the power spectrum halfwidth (HW) was determined from the r e l a t i o n : where MHW i s t h e measured h a l f w i d t h (i.e. the f r equency a t which t h e power spectrum has decreased t o one h a l f t h e maximum measured value), f i s the f i l t e r frequency (1 KHz), and HW i s the actual h a l fw i d t h o f an u n f i l t e r e d Lorentzian curve centered a t zero frequency.
Mean o a r t i c l e diameters. shown i n Fia. 4. were determined' from the measured'HW o f t h e p o i e r ipectra, using Eq. ( 4 ) . Flame temperature was c a l c u l a t e d usinq the AFRPL I S P computer proqram, which determines flame temperature and e q u i i i b r i u m concentrat i o n of 26 flame soecies usina uDdated JANNAFthermochemical constants: Calculated flame temperatures had a strong dependence on the n i t r o g e n flow r a t e .
The data o f Fia. 4 i n d i c a t e s a d e f i n i t e t r e n d o f increasing p a r t i c l e s i z e as h e i g h t above the burner i s increased. A t h e o r e t i c a l increase of p a r t i c l e s i z e with fuel-oxygen equivalence r a t i o has been postulatedb, but no d e f i n i t e t r e n d was observed i n t h i s studv. A t v o i c a l Dower sDectrum obtained f o r a l o c a t i b n o f 0: 5 cm above t h e burner i s shown i n F i g . 6. While i n i t i a l p a r t i c l e format i o n and v i s i b l e r a d i a t i o n occurs a t a h e i g h t o f 0.1 cm, s u f f i c i e n t signal t o noise was n o t achieved below a h e i g h t of 0.5 cm. Scattered l i g h t was a l s o n o t v i s i b l e through the 1.6 nm bandpass i n t e r f e r e n c e f i l t e r .
P a r t i c l e s a t these l o c a t i o n s are b e l i e v e d t o be too s m a l l t o d e t e c t w i t h the DBS apparatus a t temDeratures o f 2200 OK. I t i s Dostulated bv t h i s author t h a t the technique has a minimum detectable p a r t i c l e s i z e due t o p a r t i c l e r a d i a t i o n . t i c l e s i z e decreases the p a r t i c l e r a d i a t i o n e m i t t e d
As pardecreases as d2 w h i l e t h e Rayleigh scattered l i g h t decreases as d6. This l i m i t a t i o n w i l l n o t e x i s t a t s u f f i c i e n t l y low aerosol temperatures.
observed as s c a t t e r i n g angle e increased from 250 t o 600. Two i n c i d e n t beams were focused w i t h i n t h e focal volume o f the d e t e c t i o n svstem which was f i x e d .
An increase i n measured s p e c t r a l h a l f w i d t h was angles were made t o compare w i t h theory, which pred i c t s a spectral halfwidth increase o f 5.26. For t h e various flame conditions selected, s p e c t r a l halfwidth increased by factors between 3.3 and 4.2 as e increased from 25O t o 60°. These l a r g e measured changes are f e l t s u f f i c i e n t t o confirm t h a t the spectrum observed was broadened due t o p a r t i c ul a t e Brownian motion. The d i f f e r e n c e between theo r e t i c a l and measured angle v a r i a t i o n effects i s believed due t o deviations from monodispersity. I n fact, t h e d i f f e r e n c e s between dual angle measurements and theory are proposed as a possible technique t o determine the p a r t i c l e s i z e d i s t r i b u t i o n l o . carbon D a r t i c u l a t e s samoled on a Nichrome w i r e a t Electron microscope photographs were taken o f 3 cm above t h e burner. ' A t y p i c a l example i s shown i n Fig. 5 . P a r t i c u l a t e s were observed t o be i n the 200 nm range, agreeing roughly w i t h LDS r e s u l t s . The scannina e l e c t r o n microscooe used was n o t capable o f r e s o l v i n g p a r t i c l e s smaller than 50 nm i n t h i s sample.
Other f a c t o r s can c o n t r i b u t e t o t h e broadening o f t h e homodyne power spectrum and thereby l i m i t t h e a p p l i c a b i l i t y o f t h e DBS technique. Time of f l i g h t broadening has been e x t e n s i v e l y reviewed i n t h e l i t e r a t u r e since i t aives r i s e t o armarent turbulence i n laminar f l o w systems. Time o f f l i g h t broadening a r i s e s due t o t h e f i n i t e d u r a t i o n of t h e s c a t t e r e d~s i g n a l from each p a r t i c l e as i t traverses t h e l a s e r beam. The F o u r i e r t r a n s f o r m of a f i n i t e s i n e wave i s n o t a d e l t a f u n c t i o n b u t has a Guas- 
